Abstract. The fireball model of gamma-ray bursts predicted that when the energetic blast wave encountered the surrounding medium, there will be afterglow emission, and the subsequent afterglow observations appeared to confirm this prediction. In this simplest fireball model, the electrons have been accelerated to a power law energy distribution in a relativistic blast wave, then they give afterglow emission through synchrotron radiation. Up to now synchrotron radiation is believed to be the main mechanism of GRB emission, however, here we will show that under some circumstances, the inverse Compton scattering (ICS) may play an important role, and can change the light curves of GRB afterglows. Here we investigate the effects of ICS in the relativistic case (the surrounding medium density ρ ∝ r −2 ) and in the non-relativistic case (for both ρ = constant and ρ ∝ r −2 ), we find that in the relativistic case the effect of ICS is usually important, while in the non-relativistic case, this effect is usually unimportant, unless the surrounding medium density is very high. We show that if ICS is important, then it can flatten and steepen the light curves of GRB afterglows, and this may provide the explanation for some afterglow observations.
Introduction
The observed properties of GRB afterglows are in approximate accord with the models based on relativistic blast wave at cosmological distances. In this standard fireball model, the huge energy released by an explosion is converted into the kinetic energy of a shell expanding at ultrarelativistic speed. After the main GRB event has occured, the fireball continues to propagate into the surrounding medium. The expanding shock continuously heats fresh gas and accelerates electrons to very high energy, which produce the afterglow emission through synchrotron radiation (Meszaros & Rees 1997; Vietri 1997; Waxman 1997a Waxman , 1997b Wijers, Rees & Meszaros 1997; Wei & Lu 1998a) .
In the simplest models, the surrounding medium density is assumed to be constant. However, there has been increasing evidence that at least some GRBs have massive star progenitors, as suggested by the link between some GRBs and supernovae, which means that the GRB blast wave should be expanding into the stellar wind of the progenitor star, the densiy ρ ∝ r −2 (Dai & Lu 1998; Chevalier & Li 1999a . Chevalier & Li (1999a have shown that in this wind density the afterglow light curves should be steeper than that in the constant density.
Although, in principle, the standard fireball model can approximately explain the afterglow light curves well, there are still some problems that cannot be explained by this simplest model. For example, it is well known that in some GRB afterglows, the light curves cannot be described by a simple power-law, but show sharp breaks (e.g. for GRB990123, see Castro-Tirado et al. 1999; Kulkarni et al. 1999; Fruchter et a. 1999; Galama et al. 1999 ; for GRB990510, see Stanek et al. 1999; Harrison 1999 ; and for GRB000301c, see Rhoads & Fruchter 2000; Masetti et al. 2000) . These observed breaks have generally been interpreted as evidence for collimation of the GRB ejecta (Rhoads 1999) , but a difficulty with this model is that the predicted break is quite smooth , while the observed breaks are rather sharp ( Wei & Lu 1999a) . The transition of blast wave from relativistic to non-relativistic regime has been proposed as another mechanism for light curve breaks (Dai & Lu 1999) .
We note that, in the fireball model, the synchrotron radiation has been regarded as the main mechanism for GRB emission, while the effect of inverse Compton scattering has been neglected. However, we have shown earlier that, when the relativistic blast wave passing through the constant surrounding medium, the ICS may have an important effect on the emission spectrum and on the temporal behavior of afterglows (Wei & Lu 1998b ). Here we extend our discussion to a more general case, the surrounding medium density can be not uniform, ρ ∝ r −2 , and the blast wave can be in the non-relativistic stage, here we only consider the case that the electrons are slow cooling, which pertains to most of the afterglow phase. We find that, in the relativistic case, the effect of ICS is usually important, which can flatten and steepen the afterglow light curves, while in the non-relativistic case, the effect of ICS is usually not important unless the surrounding medium density is very high. In next section, we investigate the effect of ICS in the relativistic case for wind density ρ ∝ r −2 . In section 3, we discuss the situation that the blast wave is non-relativistic and the surrounding medium density is both uniform and non-uniform. Finally some discussion and conclusions are given in section 4.
The effect of ICS in the relativistic case
The process of inverse Compton scattering has been discussed by several authors (e.g. Waxman 1997a; Dermer, Boettcher & Chiang 1999; Sari & Esin 2000) , and here we will consider the influence of ICS on GRB afterglow in details. There is a simple way to estimate the intensity of ICS, i.e. by calculating the ratio of the synchrotron radiation energy density (u ′ syn ) to the magnetic energy density (u
e is the electron number density in the comoving frame, n ′ e =γ Γ+1 γ−1 n, Γ is the bulk Lorentz factor of the blast wave,γ is the adiabatic index, andγ = 4/3 for relativistic case andγ = 5/3 for non-relativistic case, n is the surrounding medium density, P ′ syn is the synchrotron radiation power of a single electron, and τ ′ ∼ r/Γc. The value of R indicates which process is more efficient for electron energy loss. If R > 1, then the effect of ICS is important. It is easy to show that
where r is the distance from the burst source,γ 2 is the average value of electron Lorentz factor square, γ e is the minimum electron Lorentz factor, γ e = ξ e (Γ − 1) mp me p−2 p−1 , ξ e is the energy fraction occupied by electrons, and p is the index of electron distribution, for p = 3, we have γ e ≃ 900ξ e (Γ − 1), andγ 2 ≃ 10γ 2 e . This formula is valid for both the relativistic and non-relativistic cases, now we first consider the relativistic case.
We have shown earlier that in the relativistic case and for uniform density (n ∼ 1 cm −3 ), the effect of ICS is usually important, the value R = 48( (Wei & Lu 1998b ). Now we extend to the case for nonuniform density, ρ ∝ r −2 . Chevalier & Li (1999a,b) have discussed the blast wave dynamical evolution in the wind environment, and they gave γ = 4.2(
day cm, where A =Ṁ w /4πV w = 5 × 10 11 A ⋆ gcm −1 ,Ṁ w is the mass loss rate, and V w is the wind velocity, the reference value of A corresponds tȯ M w = 1 × 10 −5 M ⊙ yr −1 and V w = 1000 kms −1 . Thus we obtain
We see that the emission power of ICS is not smaller than that of synchrotron radiation, thus, the effect of ICS should not be neglected. Now let us consider the effect of ICS on GRB afterglow. The GRB emission spectrum should consist of two components, below the critical frequency ν c the spectrum is dominated by synchrotron radiation, and above ν c the spectrum is dominated by ICS. We assume that in the comoving frame the synchrotron radiation intensity has the form I ν ∝ ν −α for ν < ν m and I ν ∝ ν −β for ν > ν m . Since in our situation the soft photons produced through synchrotron radiation are scattered by the same electrons, the Compton-scattered spectrum should have nearly the same form as that of synchrotron radiation. Therefore the total emission intensity is I ν ∝ ν −α for ν < ν m or ν c < ν < ν n , and I ν ∝ ν −β for ν m < ν < ν c or ν > ν n , where ν n = γ 2 e ν m is the peak frequency of the ICS spectrum, and ν n I νn = Rν m I νm . Then, from the relation
where a 1 = 540
β−α . So this critical frequency is dependent on the fireball parameters, i.e. the fireball energy, surrounding gas density, energy fractions in electrons and magnetic field, and the spectrum index of synchrotron radiation. As an example, we take α = 0, β = 1 (these valus are typical for observed GRB spectra), then the value of ν c is given by
where we have taken the peak frequency of synchrotron radiation ν m = 0.4( (5) Obviously, if we take the same parameters as above, then ν n should cross the optical band about 6 days after the burst. The afterglow light curves will also be greatly modified by ICS. It has been shown that the electron Lorentz factor γ e ∝ t −1/4 , the typical synchrotron radiation frequency ν m ∝ t −3/2 , and the comoving specific intensity of synchrotron radiation at peak frequency is I νm ∝ t −5/4 . From the relation I νn /I νm ∼ Rγ −2 e , it is easy to show that the intensity of ICS at peak frequency is I νn ∝ t −7/4 , and ν n ∝ t −2 , then the observed peak flux F νm ∝ t −1/2 , and F νn ∝ t −1 . Therefore, we conclude that if our observation is fixed at frequency ν, then the observed flux has four components:
−2 for ν m < ν < ν c , F ν ∝ t −1 for ν c < ν < ν n , and F ν ∝ t −3 for ν > ν n .
The effect of ICS in the non-relativistic case
For non-relativistic blast wave,γ = 5/3, and Γ ∼ 1, then
0.1 )β 5 nt day . We now consider two cases (the density ρ ∝ r −s ) for both uniform density (s = 0) and for wind density (s = 2).
s=0
In this case, the evolution of blast wave velocity is β = (t/t NR ) −3/5 , where t NR ≃ 168(
it is easy to show that R(t NR ) = 0.34(
52 n 2/3 , and R(t) = R(t NR )(t/t NR ) −2 . So we see that in general case the ICS is unimportant unless the surrounding density is very high.
If the ICS is important, then, as in the previous section, we can write the typical quantities as follows: ν m (t NR ) = 2.8 × 10 −5 ( ξ 2 e 0.1 )( ξB 0.1 ) 1/2 n 1/2 eV, and
n −1/6 eV, and ν c (t) = ν c (t NR )(t/t NR ) −17/5 ; ν n (t NR ) = 0.63(
−27/5 . The specific intensity at peak frequency is I νm ∝ t −1/5 , I νn ∝ t 1/5 , and the observed peak flux F νm ∝ t 3/5 , F νn ∝ t. Therefore, the observed flux at fixed frequency ν is F ∝ t 3/5−3α for ν < ν m , F ∝ t 3/5−3β for ν m < ν < ν c , F ∝ t −(27α−5)/5 for ν c < ν < ν n , and F ∝ t −(27β−5)/5 for ν > ν n .
s=2
In this wind environment, Chevalier & Li (1999b) and Wei & Lu (1999b) have given the blast wave evolution β = (t/t NR ) −1/3 , where t NR ≃ 1000E 52 A −1
⋆ . Then we can obtain R(t NR ) = 0.09( 52 , and R(t) = R(t NR )(t/t NR ) −2 . It is also obvious that the ICS is usually unimportant unless the mass loss rate is very high.
We can write the typical quantities as before:
52 eV, and ν m (t) = ν m (t NR )(t/t NR ) −7/3 ; for α = 0, β = 1,
ν n (t NR ) = 0.14(
52 eV, and ν n (t) = ν n (t NR )(t/t NR ) −11/3 . The specific intensity at peak frequency is I νm ∝ t −5/3 , I νn ∝ t −7/3 , and the observed peak flux F νm ∝ t −1/3 , F νn ∝ t −1 . Therefore, the observed flux at fixed frequency ν is F ∝ t −(1+7α)/3 for ν < ν m , F ∝ t −(1+7β)/3 for ν m < ν < ν c , F ∝ t −(3+11α)/3 for ν c < ν < ν n , and F ∝ t −(3+11β)/3 for ν > ν n .
Discussion and conclusion
The detection of GRB afterglows has greatly furthered our understanding these objects. In particular, the shape of the afterglow light curves provides important imformation for exploring their emission mechanism. Here we have calculated the effects of ICS on the GRB afterglows. We have shown that, when the blast wave is relativistic, the ICS emission is usually important for both uniform medium and wind environment, while when the blast wave is non-relativistic, the effect of ICS is usually unimportant unless the surrounding medium density is very high, such as n ∼ 10 6 cm −3 as proposed by Dai & Lu (1999) . When the ICS contribution is important, then it may have great influence on the shape of afterglow light curves, i.e. it can flatten or steepen the light curves. In order to verify our analytical results, we make a numerical calculation. Fig.1 gives our numerical results, where we take ξ e ∼ 0.3, ξ B ∼ 10 −7 , A ⋆ ∼ 10, p = 3. We see that although the break is not as sharp as predicted, the flatten and steepen of the light curve is still obvious.
Although we have shown that the light curves of GRB afterglows may consist of four components if ICS is important, it should also be noted that not all the GRB afterglows could have so many components; the necessary condition for having four components is ν c < ν n , otherwise there are only two components. The effect of ICS is strongly dependent on the model parameters, such as the energy fraction occupied by electrons, the total burst energy, the surrounding medium density, and the spectral index of synchrotron radiation. In particular, the contribution of ICS is more important for those bursts with large spectral indices and dense medium. Up to now there are total three bursts (GRB990123, GRB990510 and GRB000301c) for which strong breaks in their light curves are clearly observed. They are usually interpreted as evidence for collimation of the GRB ejecta (Rhoads 1999) or the transition from relativistic to nonrelativistic phase (Dai & Lu 1999 ). Here we suggest that the effect of ICS can also produce the break in the afterglow light curves, which can either flatten or steepen the light curves, make the temporal behavior complicated.
